Acrylamide may affect the sex hormone system in the prepubertal period. This study examined the cross-sectional associations between dietary acrylamide intake and sex hormone levels among preschool-age Japanese children. The study was conducted in 2006 among 230 boys and 198 girls aged 3-6 years in Aichi, Japan. Acrylamide intake was assessed using 3-day diet records. Urinary concentrations of estrone, estradiol, testosterone, and androst-5-ene-3β, 17β diol (hereafter referred to as androstenediol) were measured by liquid chromatography-electrospray ionization-tandem mass spectrometry. Sex hormone levels were adjusted for urinary creatinine levels. The estimated acrylamide intake was 1.00 μg/kg of body weight per day. After controlling for age and other covariates, acrylamide intake was significantly positively associated with urinary levels of testosterone and androstenediol in boys. On average, boys in the highest quartile of acrylamide intake had 96.9% higher testosterone (95% confidence interval: −1.8, 295; P for trend = 0.048) and 34.5% higher androstenediol levels (95% confidence interval: −5.9, 92.3; P for trend = 0.04) than boys in the lowest quartile. In girls, there were no significant associations between acrylamide intake and the hormones measured. Acrylamide intake may alter androgen metabolism in preschool-age boys. Because this is a first observation, our findings require confirmation in additional studies.
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acrylamide; androgen metabolism; androst-5-ene-3β, 17β diol; children; estradiol; testosterone In 2002, the presence of acrylamide in a variety of commonly consumed foods raised public health concerns (1) . Acrylamide is formed when foods high in carbohydrates and low in proteins are cooked at a high temperature or undergo thermal processing at temperatures of 120°C or higher (1) . Potato chips, french fries, bread, cereal, and coffee are among the food items that contain high levels of acrylamide (1) . After oral intake, acrylamide is rapidly taken up and excreted in urine. Fuhr et al. (2) reported that 60.3% of the dose administered (0.94 mg) was recovered as urinary metabolites after 72 hours in young, healthy volunteers (2) . In blood, acrylamide has a half-life of approximately 2 hours (3). In experimental studies in animals, acrylamide caused tumors. Various international organizations have classified acrylamide as probably carcinogenic to humans (4, 5) . Acrylamide exposure has been reported to be associated with increased risk of hormonerelated cancers, such as ovarian cancer, endometrial cancer, and estrogen receptor-positive breast cancer, and it has been hypothesized that acrylamide may interfere with hormone systems (6) . Acrylamide is also known to be a reproductive toxicant (7), and results of several animal studies have shown that acrylamide induced hormonal disturbance (8) (9) (10) (11) (12) . Therefore, acrylamide may affect the human endocrine system.
Dietary acrylamide exposure estimates are available for general adult populations from different countries. However, there are few data on the dietary intake of acrylamide among preschool-age children. The intake by children is estimated to be 2-3 times that of adults when expressed as a body weight ratio (13) . Although no reproductive toxicities of acrylamide have been reported in humans, the possibility of the toxicity in children is still concerning (3) . Some foods, such as potato chips and french fries, which contain high levels of acrylamide, are particularly popular among preschool-age children. We previously observed that acrylamide intake was inversely associated with plasma estradiol levels in premenopausal adult women (14) . Similar or stronger inverse associations with endogenous sex hormone levels may be observed in preschool-age children. Although the circulating sex hormone levels are low in preschool-age children, increasing evidence points to a growthpromoting function of the low circulation of sex hormones (15) .
For example, a significant sex difference in body composition is evident well before the onset of puberty, and girls had higher estrogen levels than boys (15) (16) (17) . Estradiol or androgen levels were correlated with bone mineral content and density in healthy preschool-age children (18, 19) . Therefore, it is worthwhile to examine whether exposure to acrylamide is related to prepubertal sex hormone levels.
In 2 studies, including our previous study (14) , the relationship between acrylamide intake and sex hormones in adult women was assessed (20) . To the best of our knowledge, these associations have not been examined in children. One of the reasons for this may be that measurements using routine radioimmunoassay techniques have not detected low levels of sex hormones among preschool-age children. We aimed to estimate dietary acrylamide intake among healthy, Japanese, preschool-age children and assess its association with sex hormone levels measured in urine, using liquid chromatography-electrospray ionization-tandem mass spectrometry, which is a sensitive and reliable method.
METHODS
Participants were recruited from 2 preschools in Aichi, Japan, in 2006 . The details of the study participants were described previously (21) . Parents of preschool children aged 3-6 years were asked to complete a questionnaire seeking information about the children's health status, height and weight, medical histories, diet, and exercise; the demographic characteristics of the parents; and the smoking habits of the parents and other family members. First-void morning urine samples were collected and stored at −80°C until the assay. Of 533 preschool children, the parents of 459 agreed to their child's participation in the study. The study was approved by the ethical board of the Gifu University Graduate School of Medicine. Written informed consent was obtained from parents. The final study cohort comprised 428 children from whom we obtained urine samples, dietary records, and height and weight measurements.
The children's height and weight were based on parents' reports. We could not measure height and weight of all children. However, in a subsample of 110 children for whom we could measure height and the weight, the intraclass correlation coefficients between measured and parent-reported values were 0.90 for height and 0.96 for weight. Referring to an outdoor playtime checklist by Burdette et al. (22), we assessed physical activity by asking how much time the child spent in outdoor play (0, 1-15, 16-30, 31-60, or ≥61 minutes). Questions were asked separately for 3 periods per day (before noon, from noon until 6 PM, and after 6 PM) for each location where outdoor play occurred (i.e., the yard or street around the house and park, playground, or outdoor recreation area), and for weekdays and the weekend. Playtime categories were scored as 0 to 4 for 0 minutes to 60 minutes or longer, respectively, and the sum of these score was regarded as the physical activity score. Details, including reproducibility, are described elsewhere (23) .
Dietary intake was assessed on the basis of 3-day diet records. Parents were told to weigh all foods during 3 consecutive days, including 2 weekdays and 1 weekend day. If weighing was not possible (e.g., in a restaurant), semiquantitative amounts (e.g., numbers of spoons or portions) were accepted. Because the children usually ate a school-provided lunch, we obtained the menus from each kindergarten and checked the quantity of food remaining after each meal. All urine samples were collected either during or 2 days after the time parents recorded their child's dietary information. All records were reviewed by a dietitian and checked for accuracy of portion sizes, preparation methods, and types or brands of foods.
We previously described the calculation of acrylamide intake (18) . Briefly, to estimate acrylamide intake, we generally used the values of acrylamide concentration reported in analyses of Japanese foods or mixed dishes. The Japanese ministries of Agriculture, Forestry, and Fisheries and of Health, Labor, and Welfare published acrylamide values for more than 120 food items (24) (25) (26) . In addition, all other available data from published papers we found on acrylamide concentrations in Japanese foods were included and the average of all reported values was allotted to individual foods and dishes, considering cooking methods and food preparation techniques. These studies were cited in our previous study (14) . When acrylamide levels were lower than the quantification limit, a value of half the quantification limit was assigned because the food may still contain some acrylamide (3.6% of the total number of foods in the diet records). Dairy products and cereals, potatoes, meat, fish, and vegetables when boiled or raw were assigned values of 0. Recently, some updated data regarding acrylamide concentration were published by the Japanese government (27) . Because the previous data for fried vegetables were derived from a few samples, we used the updated data for fried vegetables (27) in this study. Newly reported data for brewed coffee and tea were also used. Intake of other nutrients and food groups were estimated according to the Standard Tables of Food Composition in Japan (28) .
Levels of urinary estrone, estradiol, testosterone, and androst-5-ene-3β, 17β diol (hereafter referred to as androstenediol) were measured using liquid chromatography-electrospray ionizationtandem mass spectrometry. Dehydroepiandrosterone (DHEA) level was measured by radioimmunoassay. All samples were analyzed at the Teikoku Hormone Medical Research Center Co., Ltd. (Tokyo, Japan). The interassay coefficients of variation for estrone, estradiol, testosterone, androstenediol, and DHEA reported by the laboratory were less than 15.3%, 13.1%, 4.3%, 9.3%, and 7.2%, respectively; the minimum levels the assay could detect for these sex steroids were 1.6 pg/mL, 0.2 pg/mL, 0.2 pg/mL, 1.2 pg/mL, and 0.2 pg/mL, respectively. Hormone concentrations were expressed per milligram of urinary creatinine.
All statistical analyses were performed using SAS programs (version 9.4; SAS Institute, Inc., Cary, North Carolina). Significance was defined as 2-sided P < 0.05. For statistical analysis, urinary hormone levels were logarithmically transformed. Acrylamide intake was also logarithmically transformed and adjusted for total energy using the methods proposed by Willett and Stampfer (29) . Subjects were divided into 4 equal groups according to quartile of energy-adjusted acrylamide intake. The geometric means of hormones for each category were provided using analysis of covariance models. A linear trend was assessed using the median values of categories. Age (in years), body mass index z score, birth weight (in grams), physical activity score (0-11 or 12-40), years of education acquired by each child's mother (≤12, 13-15, ≥16 years), number of cigarettes smoked daily by parents (0, 1-19, or ≥20), and an indicator for kindergartens were included in the models as covariates. Tobacco smoke is an important source of acrylamide exposure (30) . Birth weight and physical activity were associated with hormone levels in our previous study among these children (23) . Furthermore, we examined whether soy intake was a potential confounder, because soy intake was inversely associated with estradiol or testosterone levels in our previous study (19) .
Some children whose hormone levels, except for testosterone, were below detectable levels were assigned levels at half that of the assay sensitivity. The numbers and percentages of these children were 2 (0.5%), 28 (6.5%), 3 (0.7%), and 8 (1.9%) for estrone, estradiol, androstenediol, and DHEA, respectively. Because testosterone levels were lower than the detectable values for 91 children (21.3%), multiple imputation was used to impute missing testosterone values (31) by chained equations using the "proc mi" procedure in SAS. Covariates included were age, body mass index z score, and concentrations of the other hormones measured. Five data sets were created. For each data set, the association with acrylamide intake was assessed and the results were combined using the "proc mianalyze" procedure in SAS. The covariates used were the same used in the models for the other hormones.
RESULTS
The characteristics of the children in the study are shown in Table 1 . Their ages ranged from 3.59 to 6.58 years. The estimated mean intake of acrylamide was similar for boys and girls. The mean value (boys and girls combined) was 1.00 μg/kg of body weight per day (standard deviation, 0.55; range, 0.13-4.71 μg/kg). The main dietary sources of acrylamide were confectionaries and other snacks (26.2% of total exposure) followed by vegetables (16.3%), potatoes and starches (15.6%), and cereal (11.3%).
In boys, higher acrylamide intake was significantly associated with higher levels of estrone, testosterone, and androstenediol after controlling for nondietary variables (Table 2 ). An additional adjustment for soy intake somewhat attenuated the association between acrylamide intake and estrone level (Web Table 1 , available at https://academic.oup.com/aje). The associations of acrylamide intake with urinary testosterone and androstenediol levels were not altered and the trends remained significant after controlling for soy intake; on average, boys in the highest quartile of acrylamide intake had 96.9% (95% confidence interval: −1.8, 295) higher testosterone levels and 34.5% (95% confidence interval: −5.9, 92.3) higher androstenediol levels than boys in the lowest quartile. The associations between acrylamide intake and hormone levels measured were not modified by soy intake by the children or cigarette smoking by parents. Further adjustment for fat, dietary fiber, or major dietary patterns assessed by exploratory principal component factor analysis did not alter the results substantially (data not shown). There were no significant associations between acrylamide intake and any of the hormone levels measured in girls.
We also assessed the associations between acrylamide intake and sex hormone levels when creatinine was included as a covariate in the model. The results were not altered substantially.
For example, boys in the highest quartile of acrylamide intake had 113% (95% confidence interval: 6.5, 328) higher testosterone levels and 34.3% (95% confidence interval: −6.1, 92.0) higher androstenediol levels than boys in the lowest quartile after controlling for covariates including soy intake (P for trend = 0.03 for both).
DISCUSSION
In boys, we found a significant positive association between acrylamide intake and urinary testosterone and androstenediol levels. Low levels of estrogen and testosterone in preschool-age children indicate low gonadal activity. Adrenarche hinges on the morphological and functional changes of the adrenal cortex, leading to an increase in the production of adrenal androgen precursors, principally DHEA and its sulfate (32) . Although adrenarche typically occurs at around 5-8 years, it is known that the production of an adrenal androgen precursor starts gradually from the age of 3 years onward (32) . The mechanism of adrenarche remains unknown. However, in preschool-age children, most circulating testosterone and androstenediol should be the products of conversion from DHEA (32) . Although the DHEA level in urine reported in this study was unrelated to the acrylamide intake, the increase in testosterone and androstenediol levels may reflect the increasing secretion of adrenal androgen precursors (i.e., DHEA and DHEA sulfate), increasing conversion to androgens, or decreased metabolism of androgens. We speculate that acrylamide may be acting through the adrenal glands on the secretion or metabolism of androgens. Some involvement of the steroidogenic tissues of other organs, such as the gonads, liver, stomach, skin, and salivary glands, cannot be ruled out, although the most likely source of hormone synthesis in preschool-age children may be the adrenal cortex. The increased androgen levels associated with acrylamide may have led to the increased estrone level because of peripheral aromatization. In our previous study, a high intake of soy products was associated with lower estrone level in boys (21) . An attenuated association of acrylamide intake with estrone, but not with androgen levels, after controlling for soy intake may imply the inhibitory activities of isoflavones against aromatase (33) . Several animal studies have shown that acrylamide exposure caused a depression of testosterone in male rats (6) (7) (8) (9) (10) . In the present study, high acrylamide intake was not associated with decreased urinary androgen levels, which may suggest that there is no severe deteriorating stress on endocrine function. Although the present study is not longitudinal, the increased androgen levels associated with higher acrylamide intake may lead to the earlier onset of adrenarche. Prepubertal adrenal androgen levels were associated with pubertal growth in boys (34, 35) . Urinary androstenediol collected before puberty (age 8 years) was an early predictor of the diaphyseal bone strength in late puberty (age 18 years) (18) . The effects of prepubertal dietary exposure to acrylamide on the onset and development of adrenarche or puberty should be examined in future studies. We did not observe any significant association between acrylamide intake and sex hormone levels in girls. The estrogen levels were higher among girls than boys, as in other studies (15) (16) (17) . This may suggest a sex difference in the regulation of steroidogenesis involved in prepubertal sexual maturation or development. The effects of acrylamide may also differ by sex. Even in animal studies, the effects on the male reproductive system have been reported, but very little evidence is available for the female reproductive system (36) .
To the best of our knowledge, 5 studies reported estimates of dietary acrylamide intake among children, including those of preschool age (5, (37) (38) (39) (40) . In all but 1 of these studies, mean intake levels were similar to those in our study: 1.18 μg/kg of body weight per day in children aged 2-4 years in California (37); 1.06 μg/kg of body weight per day in US children aged 2-5 years (7); 0.89 μg/kg of body weight per day among French children aged 3-6 years (38); 0.87 μg/kg of body weight per day in Belgian children aged 2.5-6.5 years (39); and 0.61 μg/kg of body weight per day in German children aged 1-7 years (40) . Some governmental organizations have also reported intake estimates, including the following: 0.7 μg/kg of body weight per day (median) in Dutch children aged 2-6years (41); 0.33 μg/kg of body weight per day in Danish children aged 4-14 years (42); 2 μg/kg of body weight per day in Australian children aged 2-5 years (43); and 0.70-2.05 μg/kg of body weight per day in European children aged 3-10 years (44) .
The strengths of the present study include a large sample size, a high response rate, the ability to adjust for potential confounding factors such as passive smoking, and the use of a sensitive method of measuring sex hormones. Despite the high sensitivity, there was a limitation in measuring low levels of testosterone. However, the association of acrylamide intake with testosterone was similar to that with another androgen converted from DHEA (i.e., androstenediol), supporting the validity of our study. The use of dietary records to estimate the absolute values of acrylamide intake is another strength of our study; however, the estimation of dietary acrylamide intake is still subject to measurement error. Foods with the same name on a menu may vary in the cooking temperature and frying duration used. The acrylamide content may also differ among different brands. However, it is likely that such measurement errors are independent of urinary sex hormone levels, which could bias our observed results toward the null. Nonetheless, we must keep in mind that a limited number of repeated diet records may not adequately capture within-person variability. We could not obtain blood samples from the children. Acrylamide adducts to hemoglobin can be used as a marker of exposure, but biomarkers are not specific with regard to the source of acrylamide. The use of samples obtained at one time point, which can be a source of measurement errors, is another limitation. However, again, such measurement errors would not depend on acrylamide intake.
In conclusion, we observed a positive association between acrylamide intake and testosterone and androstenediol levels in preschool-age boys. Acrylamide intake may influence the secretion or metabolism of androgen. Because this is a first observation, our findings require confirmation in additional studies.
